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Abstract. Woody expansion has been documented for decades in many different systems globally, often
yielding vast changes in ecosystem functioning. While causes and consequences of woody expansion have
been well documented, few studies have addressed plant functional traits that promote dramatic and rapid
expansion in range. Our objectives were to investigate plant functional traits that contribute to the colo-
nization, rapid expansion, and thicket formation of an invasive, N-ﬁxing shrub, Elaeagnus umbellata Thunb.
(Elaeagnaceae), and a native, N-ﬁxing shrub Morella cerifera (L.) Small (Myricaceae) and compare to native,
sympatric, non-expanding shrub species. Quantiﬁed functional traits included morphological (e.g., speciﬁc
leaf area, leaf area) and physiological characteristics (e.g., electron transport rate, hydraulic conductivity)
and were linked to two primary resources: light and water, which directly inﬂuence plant growth. Elaeag-
nus umbellata and M. cerifera rely on different strategies to maximize carbon gain, yet resulting physiologi-
cal efﬁciency is similar. Elaeagnus umbellata invests a substantial amount of energy into growth during a
short amount of time (i.e., deciduous growing season), using an acquisitive trait strategy to outcompete co-
occurring woody species, while M. cerifera is productive year-round and uses a combination of conserva-
tive and acquisitive traits to outcompete co-occurring woody species. The majority of quantiﬁed functional
traits of E. umbellata and several of M. cerifera are indicative of efﬁcient light capture, utilization, and inter-
nal water movement. These factors contribute to rapid range expansion and thicket formation by promot-
ing enhanced productivity while simultaneously inhibiting colonization and expansion of co-occurring
species. Suites of functional traits are important for expansive success and thicket formation, yet differences
in functional traits represent alternative strategies for colonization, rapid expansion, and thicketization.
Key words: electron transport rate; functional traits; hydraulic conductivity; nitrogen ﬁxation; thicket formation;
woody expansion.
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INTRODUCTION
Range expansion of woody species, especially
shrubs, has been documented in a variety of
ecosystems worldwide (Wessman et al. 2004,
Briggs et al. 2005, Sturm et al. 2005, Knapp et al.
2008, Ward 2010, Eldridge et al. 2011, Heskel
et al. 2013, Rundel et al. 2014, Zinnert et al. 2016,
Stevens et al. 2017). Shrubs have a unique growth
form, efﬁcient for exploiting horizontal space and
minimizing self-shading via formation of a dense
vertical array of leaves through the canopy
(Knapp et al. 2008). In mesic habitats, both leaf
area index and annual net primary productivity
for shrub-dominated patches can exceed that of
most temperate forests (Knapp and Smith 2001,
Huxman et al. 2004, Knapp et al. 2008). This shift
in growth form is accompanied by alterations in
plant functional traits related to resource use (i.e.,
light, water), which combinedly modify the local
environment and alter community structure and
function (Throop and Archer 2008, Zinnert et al.
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2013, Thompson et al. 2017). Furthermore, many
shrub species that encroach into grasslands form
dense monospeciﬁc thickets that limit coloniza-
tion opportunities by other species (Brantley and
Young 2010). A large body of research exists
documenting the causes of woody expansion into
grasslands (e.g., ﬁre suppression, reduced grazing
pressures, rising atmospheric CO2 concentrations,
see McCarron et al. 2003, Huxman et al. 2004,
Sankaran et al. 2005, Prevosto et al. 2006, Archer
2010). In contrast, few studies have focused on
mechanisms, especially plant functional traits
related to morphology and physiology, leading to
woody expansion and, in some cases, monospeci-
ﬁc thicket formation (i.e., thicketization).
Functional traits linked to assimilation of
water, light, and nutrients, directly inﬂuence
growth and productivity (Ackerly et al. 2000, de
Bello et al. 2010) and may explain success in
rapidly expanding woody species (Baruch and
Goldstein 1999, Zinnert et al. 2013, Shiﬂett et al.
2014a). Traits related to light capture (e.g., speci-
ﬁc leaf area [SLA], leaf size, leaf angle) can inﬂu-
ence photosynthetic rates. Similarly, traits
associated with water movement (e.g., sapwood
area-to-leaf area ratio, vulnerability to embolism)
affect hydraulic conductivity and/or hydraulic
supply to leaves. Increases in hydraulic capacity
tend to lead to enhanced photosynthetic capacity
(Brodribb and Field 2000, Brodribb et al. 2002,
Jones et al. 2010), stomatal conductance, and
subsequent CO2 ﬁxation and plant growth rates
(Meinzer and Grantz 1990, Sperry 2000). Study
of morphological and physiological traits is
essential because these factors may represent
mechanisms responsible for rapid rates of shrub
expansion that often lead to thicket formation.
The shrubs, Elaeagnus umbellata Thunb. (Elaeag-
naceae) and Morella cerifera (L.) Small (Myri-
caceae), form extensive, dense thickets reaching
maximum heights of 5–6 m, minimizing sub-
canopy light penetration (Brantley and Young
2010). Elaeagnus umbellata (autumn olive) is decid-
uous, drought resistant, moderately shade toler-
ant and was introduced as an ornamental shrub
in 1830 to North America from Asia. It has spread
via cultivation in the mid- and eastern United
States, from Maine to Florida and west from
Wisconsin to Louisiana and occurs across a range
of habitat types including edge and interior habi-
tats, but is most proliﬁc on disturbed or ruderal
sites such as roadsides and old ﬁelds (Ebinger
and Lehnen 1981, Edgin and Ebinger 2001).
Elaeagnus umbellata is invasive and rapidly
expanding into non-native habitat (Yates et al.
2004). It is considered “highly invasive” or ranked
as a “severe threat” in many states of the south-
east and is prohibited on National Forest System
Lands (USDA 1987; Lund et al., public communica-
tion, Invasive Plant Species of South Carolina;
https://www.se-eppc.org/southcarolina/Publicati
ons/InvasivePlantsBooklet.pdf).
Morella cerifera (southern bayberry) is a mesic
evergreen, native to the Atlantic coast, and the
dominant woody species on Mid-Atlantic barrier
islands (Ehrenfeld 1990). It occurs from Florida to
southern New Jersey and west to Texas. Cover of
M. cerifera on Virginia barrier islands has increased
in the past 50 yr, up to 400% on some islands
(Young et al. 2007, Zinnert et al. 2011). Like E. um-
bellata, M. cerifera is drought resistant and moder-
ately shade tolerant and occurs across a range of
habitat types including edges and interiors. Both
species, which are often among the ﬁrst woody
plants to colonize an area, thrive in early succes-
sional conditions, produce proliﬁc, ornithochorous
(i.e., bird-dispersed) seeds, and form an association
with the actinomycete, Frankia, an N-ﬁxing root
nodule-forming endosymbiont. N-ﬁxing symbiosis
may provide an advantage over co-occurring non-
N-ﬁxing species owing to favorable alterations in
nutrient acquisition, energy resources, and stress
tolerance (Yates et al. 2004).
Studies which compare functional trait combi-
nations of expanding species from different habi-
tats may provide evidence of globally shared
traits that are contributing to observed shifts in
growth forms (Brym et al. 2011, Funk and
Cornwell 2013). Yet, research investigating func-
tional traits and ecophysiology of expansive
woody species is limited, especially in areas
where they are expanding (Gong et al. 2006,
Zhao et al. 2007, Brym et al. 2011). Our objec-
tives were to investigate functional traits pertain-
ing to light capture, processing, and water use
that contribute to successful colonization, expan-
sion, and dense thicket formation of invasive
(E. umbellata) and native (M. cerifera) N-ﬁxing
shrubs and compare traits to native, sympatric,
non-expanding shrubs. Speciﬁc goals were to
quantify differences in light and water use physi-
ology by examining (1) stem and leaf hydraulic
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conductivity, (2) leaf morphology, (3) leaf angle,
(4) leaf biochemical traits, and (5) leaf chloro-
phyll ﬂuorescence. We hypothesized that
E. umbellata and M. cerifera exhibit functional
traits indicative of efﬁcient light capture, utiliza-
tion, and hydraulics and that these traits
promote colonization, rapid expansion, and for-
mation of closed-canopy, monotypic thickets
relative to native, sympatric shrubs.
METHODS
Inland site description
An inland portion of our study was conducted
at Fort A.P. Hill, Virginia, USA (38°05ʹ N,
77°20ʹ W), during the summers of 2011 and 2012.
The climate is temperate with maximum summer
temperatures spanning 28–31°C and an average
yearly precipitation of 1131 mm. Expansion of
Elaeagnus umbellata along roadsides, into old
ﬁelds, and along forest edges has been
documented here since it was planted in the
1970s (J. Applegate et al., public communication;
EDDMapS; http://www.eddmaps.org/distribution/
point.cfm?id=632886). Two native shrub species
co-occur with E. umbellata: Clethra alnifolia L. (Cle-
thraceae) and Vaccinium corymbosum L. (Ericaceae).
Vaccinium corymbosum is a deciduous, multi-
stemmed shrub that reaches 4 m in height, is fre-
quently observed in thickets and acidic soils, and
rarely undergoes vegetative reproduction (Pritts
and Hancock 1985). Clethra alnifolia is a deciduous,
upright, multi-stemmed shrub which approaches
2.5 m in height and preferentially grows in wet
forests and alongside streams.
Coastal site description
A coastal portion of our study was conducted
at the northern end of Hog Island, a barrier
island located ~10 km east of the Eastern Shore
of Virginia, USA (37°27ʹ N, 75°40ʹ W), during the
summers of 2011 and 2012. The climate is tem-
perate with maximum summer temperatures
from 28° to 34°C and mean annual precipitation
ranging from 1065 to 1167 mm/yr (Brantley and
Young 2010). Hog Island is ~1000 ha, 10 km
long, and 2.5 km across at its widest point. It is
part of the Virginia Coast Reserve, an NSF-
funded Long-Term Ecological Research (LTER)
site, managed by The Nature Conservancy. A
series of progressively older, dense thickets,
dominated by Morella cerifera, has developed in
mesic swales (i.e., interdunal depressions) across
the northern end of the island. Individuals, even
growing in close proximity, are likely to be genet-
ically distinct (Erickson et al. 2004). Shrub thick-
ets, consisting of predominately M. cerifera and
which have expanded considerably over the past
50 yr, now cover more than 30% of the island
(Zinnert et al. 2011). Two native shrub species
co-occur with M. cerifera: Baccharis halimifolia L.
(Asteraceae) and Iva frutescens L. (Asteraceae).
Baccharis halimifolia is a deciduous, multi-
stemmed shrub that reaches 4 m in height and is
often found in freshwater wetlands and salty or
brackish marsh fringes. It is often found in thick-
ets and also disturbed habitats. Iva frutescens is
a deciduous, upright, multi-stemmed shrub,
which can reach 3.5 m in height that preferen-
tially grows in coastal areas and is very common
in salt marshes. Iva frutescens is salt tolerant (i.e.,
halophytic), but is intolerant to ﬂooding.
Water transport
A suite of physiological traits linked to water
transport were measured. Four branches from sep-
arate individuals, containing leaves exposed to full
sun, were clipped in the ﬁeld at midday, bagged,
and taken back to the laboratory for hydraulic
conductivity analysis using methods outlined by
Sperry et al. (1988). Each branch contained
unbranched stem segments at least 10 cm long
and 10–13 mm diameter. In the laboratory, stem
segments were excised under water to prevent
xylem embolism and then initial (i.e., midday)
conductivity was measured by attaching stems to
a hydraulic conductivity apparatus. The shrub
growth form typically exhibits vessel lengths of
10 cm or less; thus, a length of 10 cm was chosen
to minimize open vessels following excision in the
laboratory (Jacobsen et al. 2012, Shiﬂett et al.
2014a, b), and a diameter of 10–13 mm was ideal
for connection to a tubing apparatus. The hydrau-
lic conductivity apparatus consisted of an intra-
venous bag supplying a ﬁltered (0.2 lm)
20 mmol/L KCl solution under low (~5 kPa) gravi-
tational pressure to the stem. A low hydraulic
head inhibited removal of in situ embolisms. Flow
rate was determined using an analytical balance
(Model PA64; Ohaus, Parsippany, New Jersey,
USA) connected to a computer, and hydraulic con-
ductivity was calculated as the mass ﬂow rate of
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the solution through the stem segment divided by
the pressure gradient along the segment path
length (kh, kgm1s1MPa1). Maximum hydrau-
lic conductivity (khmax) was measured after vac-
uum inﬁltration of stems for 2 h, which dissolved
any embolisms present (Hietz et al. 2008).
Speciﬁc conductivity (ks, kgm1s1MPa1),
which adjusts for variations in stem diameter, was
calculated from kh divided by sapwood area follow-
ing safranin staining of stems as outlined by Sperry
et al. 1988. Percent loss of conductivity (PLC),
which represented native embolism at midday, was
quantiﬁed by relating initial and maximum con-
ductivities. Total leaf area distal to excised stem seg-
ments was quantiﬁed with a leaf area meter (Model
LI-3100c; LICOR, Lincoln, Nebraska, USA) in order
to determine leaf speciﬁc conductivity (kL, kgm1
s1MPa1) and the leaf area-to-sapwood area ratio
(AL : AS, m
2/cm2), which equals the sum of leaf
area fed by the stem segment divided by the sap-
wood area (i.e., outer layer of wood that contains
water-conducting tissue; Tyree and Sperry 1988).
Light capture and processing
At the individual level of each species, morpho-
logical, chemical, and physiological traits were
measured that were linked to light capture and
processing. Leaf morphological traits include leaf
area and SLA. For leaf area and SLA, leaves (n =
10) were sampled evenly on terminal branches of
outer canopy of ﬁve individuals from each species.
Leaf area was quantiﬁed using a leaf area meter
(LI-3100C). Speciﬁc leaf area was calculated from
leaf area and mass after oven-drying samples at
70°C for 72 h. Leaf angle was measured to link leaf
morphology to leaf physiology. Leaf angle from
the horizontal (n = 100) was quantiﬁed to the
nearest 5° using a clinometer placed along the leaf
mid-axis by taking evenly distributed samples
from ﬁve individual shrubs of each species.
Leaf chlorophyll content was measured to
further compare light capture and processing
capabilities among species. Leaf samples (n = 20)
were obtained evenly distributed from ﬁve indi-
viduals of each species. Sample preparation
included obtaining uniformly sized disks from
each leaf followed by sampling grinding using
mortar and pestle and pigment extraction using
acetone. Analysis of leaf pigments was con-
ducted using standard spectrophotometric
methods (Lichtenthaler 1987).
Electron transport rate (ETR) was quantiﬁed as
a physiological trait representative of light use
and photosynthetic capacity. Rapid light curves
(RLCs, n = 5 curves) were sampled on fully
expanded, light-adapted leaves on terminal
branches at ~1.5 m height of ﬁve individuals of
each species using a pulse amplitude-modulated
leaf ﬂuorometer and attached leaf clip (MINI-
PAM, Leaf-Clip Holder 2030-B; Walz, Effeltrich,
Germany). Leaves were exposed to eight increas-
ing steps of PAR (Photosynthetically active radia-
tion) ranging from 50 to 1500 lmolm2s1.
Above-canopy PAR was ≥1600 lmolm2s1 at
solar noon for both sites. After exposure to each
light intensity, quantum yield of PSII (DF=F0m) was
measured. Electron transport rate was calculated
at multiple light intensities using the ﬂuorometer.
Electron transport rate was calculated as follows:
ETR ¼ ð½F0m  Fs=F0mÞ  PAR ETR-Factor 
PPS2=PPS1þ2, where (F0m) represents maximal ﬂuo-
rescence in a light-adapted leaf after a saturating
pulse of light, and (Fs) represents steady-state ﬂuo-
rescence prior to any saturating pulse (Genty et al.
1989). The ETR-Factor is equivalent to the fraction
of incident photons absorbed by the sample, and a
default value of 0.84 was used. PPS2/PPS1+2 is the
relative distribution of absorbed PAR to photosys-
tem II, and a default value of 0.5 was used.
Nutrient and water use
Biochemical traits measured for nutrient and
water use included %N, %C, C:N, d15N, and d13C
analysis. Leaf samples (n = 5) were dried at
leaves at 70°C for 48 h and ground to a ﬁne
powder with a mortar and pestle. Further prepa-
ration (i.e., weighing and encapsulating) and
nutrient and isotope analyses were conducted on
an elemental analyzer–isotope ratio mass spec-
trometer at the University of Georgia Stable Iso-
tope and Soil Biology Laboratory (Athens,
Georgia, USA).
Statistical analysis
Variations in morphological, physiological, and
biochemical traits at the individual level among
species at each site (i.e., inland or coastal) were
analyzed with one-way analysis of variance (Zar
2010). Signiﬁcant differences were identiﬁed with
Tukey post hoc tests (a = 0.05). Computations
were performed with SAS statistical software
(version 9.2; SAS, Cary, North Carolina, USA).
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To detect general trends among thicketizers vs.
co-occurring native species, we organized the
data into a single 19 traits 9 6 species matrix
and performed a principal component analysis
(PCA). Five values were assigned per species for
each trait and were randomly selected, except in
the case of hydraulic traits, leaf angle, and ETR.
Given that only four branches were sampled per
species for all hydraulic traits, the input matrix
was gap-ﬁlled using mean values. Leaf angles
were sorted by increasing values across all indi-
viduals sampled, and the median value within
each quartile was selected to obtain ﬁve repre-
sentative input trait values. Only ﬁve light curves
were obtained for each species; therefore, all ﬁve
were used as matrix inputs; however, we limited
the input to ETR at 1500 lmolm2s1. Data
were normalized using a scaling function. Main
loading traits of the ordination were identiﬁed
by performing correlation analysis between PCA
axes and trait values. Principal component analy-
sis was performed using R studio software
(version 1.0.143, Boston, Massachusetts, USA).
RESULTS
Water use
Initial speciﬁc conductivity (ks) was similar
between Elaeagnus umbellata and Vaccinium
corymbosum (1.39  0.25 and 1.22  0.23 kgs1
MPa1m1, respectively), and higher than Clethra
alnifolia (0.55  0.06 kgs1MPa1m1; F = 5.02,
P = 0.034); however, maximum ks was highest for
E. umbellata relative to the other two inland spe-
cies (F = 60.43, P < 0.001; Fig. 1). Maximum ks of
E. umbellata (3.01  0.13 kgs1MPa1m1) was
four times higher than that of C. alnifolia
(0.74  0.08 kgs1MPa1m1), and more than
Fig. 1. (A) Initial and maximum leaf speciﬁc conduc-
tivity (kL), (B) initial and maximum speciﬁc conductiv-
ity (ks), (C) midday percent loss of conductivity (PLC),
and (D) leaf area-to-sapwood area ratio (AL:AS) com-
paring a thicketized shrub species to sympatric non-
thicketized shrub species at an inland and a coastal
site. Error bars represent 1 SE of the mean. Signiﬁ-
cant differences (P < 0.05) among species at each site
for all variables except maximum kL and ks are repre-
sented by letters a and b. Differences in maximum kL
and ks among species are expressed with the letters c
and d.
(Fig. 1. Continued)
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two times higher than V. corymbosum (1.33 
0.22 kgs1MPa1m1; Fig. 1). Initial kL did not
differ among species, yet maximum values dif-
fered such that E. umbellata had the highest kL
(5.06  0.62 kgm1s1MPa1), which was sig-
niﬁcantly higher than C. alnifolia (2.18  0.32 kg
m1s1MPa1) but not signiﬁcantly higher than
V. corymbosum (3.33  0.69 kgm1s1MPa1;
F = 6.53, P = 0.018, Fig. 1). Elaeagnus umbellata
displayed a greater native (i.e., midday) PLC
(53%  9%), than either C. alnifolia (26%  0.6%)
or V. corymbosum (9%  4%; F = 15.72, P = 0.001;
Fig. 1). Elaeagnus umbellata also supported more
leaf area per stem area (AL : AS, 0.66  0.07
m2cm2) than either C. alnifolia (0.31  0.04
m2cm2), or V. corymbosum (0.44  0.04 m2cm2,
F = 11.93, P = 0.003; Fig. 1).
Initial ks of Morella cerifera (1.59  0.27 kgs1
MPa1m1) was higher than Baccharis halimifolia
(0.72  0.12 kgs1MPa1m1) and Iva frutes-
cens (0.77  0.06 kgs1MPa1m1; F = 7.72,
P = 0.011, Fig. 1). Maximum ks was similar
between M. cerifera and B. halimifolia (2.69  0.24
and 2.32  0.26 kgs1MPa1m1, respectively)
and higher than I. frutescens (1.06  0.48 kgs1
MPa1m1; F = 17.49, P = 0.001). No difference
was observed among island species for either ini-
tial or maximum kL (F = 1.94 and 2.83, P = 0.199
and 0.111, respectively), though patterns mir-
rored initial and maximum ks. Baccharis halimi-
folia displayed the greatest (i.e., midday) PLC,
while I. frutescens displayed the lowest, and that
of M. cerifera was similar to both of the other
island species (F = 7.87, P = 0.011; Fig. 1). There
were no differences in AL:AS among island
species (F = 2.04, P = 0.186, Fig. 1).
Light capture and processing
Leaves of E. umbellata had larger average leaf
size than V. corymbosum and were similar to
C. alnifolia, yet leaves of E. umbellata had a lower
SLA than either co-occurring species (F = 9.09,
P < 0.001; F = 18.14, P < 0.001, respectively;
Table 1). Both leaf area and SLA of M. cerifera
were similar to I. frutescens and lower than
B. halimifolia (F = 8.58, P = 0.001; F = 68.29, P <
0.001, respectively; Table 1). Leaf angle varied
signiﬁcantly between inland species such that
E. umbellata and V. corymbosum had similarly
horizontal leaf angles, while C. alnifolia had a
steeper leaf angle (F = 23.02, P < 0.001; Fig. 2).
In contrast, leaf angle distributions were similar
among the three coastal species (F = 1.56, P =
0.212; Fig. 2).
Chlorophyll a, chlorophyll b, total chlorophyll,
and carotenoids were similar for E. umbellata and
V. corymbosum, and higher than in C. alnifolia
(F = 9.89, P = 0.003; F = 7.0, P = 0.10; F = 8.87,
P = 0.004; F = 18.12, P < 0.0001, respectively;
Table 1). No differences were observed in chloro-
phyll a:b ratio among inland species. Chlorophyll
a was highest in B. halimifolia and lowest in
M. cerifera, with I. frutescens having a similar
chlorophyll a content as the other coastal species
(F = 4.62, P = 0.033; Table 1). No differences
were observed in chlorophyll b, total chlorophyll,
or chlorophyll a:b ratio for coastal species;
however, M. cerifera had the highest carotenoid
content, and I. frustecens had the lowest (F = 7.41,
P = 0.008; Table 1).
Rapid light curves showed signiﬁcant increases
in ETR for E. umbellata from the other inland
species at 550 lmolm2s1 (F = 28.18, P < 0.001;
Table 1. Leaf traits and leaf chlorophyll (chl) content of monotypic, dense thicket-forming shrubs (Elaeagnus
umbellata andMorella cerifera) relative to co-occurring, non-thicketized shrub species.
Leaf
characteristics
Clethra
alnifolia
Vaccinium
corymbosum E. umbellata
Baccharis
halimifolia Iva frutescens M. cerifera
Leaf area (cm2) 11.5  1.2B 7.1  0.5A 11.0  0.5B 8.4  0.6F 7.1  0.4E 5.8  0.4D,E
SLA (cm2/g) 149.5  9.9C 120.2  1.9B 99.5  1.6A 165.5  6.3E 95.5  2.5D 100.4  4.6D
Chl a (mg/m2) 130.4  32.5A 187.2  33.7B 220.1  30.4B 230.6  8.6E 195.8  31.4D,E 192.7  19.4E
Chl b (mg/m2) 114.8  31.9A 171.3  36.0B 185.7  26.4B 186.3  10.2 165.5  27.7 157.6  13.5
Total chl (mg/m2) 245.3  63.2A 358.5  65.6B 405.8  56.6B 416.9  18.1 361.3  57.8 350.3  32.4
Chl a:b ratio 1.1  0.1 1.1  0.1 1.2  0.0 1.2  0.04 1.2  0.1 1.2  0.04
Carotenoids
(mg/m2)
27.3  3.4A 41.0  8.6B 51.1  5.7B 27.6  10.6D,E 19.2  6.6D 37.7  4.1E
Notes: SLA, speciﬁc leaf area. Values are presented as means  1 SE. Superscript letters denote signiﬁcant differences
(P < 0.05) among species at each site where A, B, and C are used at the inland site and D, E, and F are used at the coastal site.
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Fig. 3). Electron transport rate remained consis-
tently higher for E. umbellata at subsequent light
levels. At the highest light intensity (~1500
lmolm2s1), ETR for E. umbellata was 30–50%
greater than in C. alnifolia and V. corymbosum. For
the coastal species, ETR was highest in
I. frutescens at 150, 550, and 750 lmolm2s1;
however, there were no differences among
species at the other light intensities (Fig. 3).
Nutrient and water use
All inland species had signiﬁcantly disparate
d15N and foliar %N, with E. umbellata exhibiting
the highest values compared to the non-ﬁxers
(F = 379.76, P < 0.001 and F = 84.58, P < 0.001,
respectively; Table 2). C:N ratios also varied across
species and were much lower for E. umbellata
(F = 116.64, P < 0.001; Table 2, Fig. 4). Vaccinium
corymbosum had the highest C:N ratio and the
lowest %N values. d13C values were highest for
E. umbellata followed by C. alnifolia and then
V. corymbosum, which had the most negative
values (F = 28.95, P < 0.001; Table 2, Fig. 4).
Among coastal species, the non-ﬁxers, which were
also deciduous, had higher foliar %N and lower
d15N than N-ﬁxing, evergreen M. cerifera. C:N
ratios were also lower in the non-ﬁxers than in
M. cerifera (F = 57.13, P < 0.001; Table 2, Fig. 4).
Foliar %C varied among coastal species such that
I. frutescens had the lowest leaf %C and M. cerifera
had the highest (F = 122.61, P < 0.001; Table 2).
Leaf d13C values were highest for M. cerifera and
Fig. 2. Frequency distributions of leaf angles relative to horizontal comparing thicket-forming shrubs (Elaeag-
nus umbellata and Morella cerifera) to sympatric, non-thicket-forming shrubs. Distributions are divided into 15°
classes. Mean leaf angle 1 SE is presented for each species.
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lowest for B. halimifolia, while d13C of I. frutescens
was similar to both groups (F = 4.48, P = 0.035;
Table 1, Fig. 4).
d13C and C:N were used as proxies for water
use efﬁciency and N use efﬁciency (WUE and
NUE), respectively. There was a negative trend
between WUE and NUE for inland species
(F = 25.14, P < 0.001, b = 25.73, r2 = 0.66;
Fig. 4). Elaeagnus umbellata had the highest WUE
but lowest NUE, whereas V. corymbosum had the
lowest WUE and highest NUE (Fig. 4). The
inland species showed distinct segregation across
ranges of WUE and NUE. Comparisons among
coastal species showed that M. cerifera had the
highest WUE and NUE, but that species were
clustered closer together and island species
encompassed a narrower range in both WUE
Fig. 3. Electron transport rate (ETR) resulting from
increased light intensity of rapid light curves for
thicket-forming shrubs (Elaeagnus umbellata and Morella
cerifera) and co-occurring shrub species. Error bars
represent 1 SE of the mean. Signiﬁcant differences
(P ≤ 0.001) among species at speciﬁed PAR are denoted
by .
Table 2. Leaf tissue chemistry comparing thicket-forming shrubs (Elaeagnus umbellata and Morella cerifera) to
sympatric, non-thicket-forming shrubs.
Foliar trait
Clethra
alnifolia
Vaccinium
corymbosum E. umbellata
Baccharis
halimifolia Iva frutescens M. cerifera
d15N 4.25  0.09A 3.81  0.11B 0.34  0.12C 1.77  0.17D 2.32  0.15D 1.06  0.15E
%N 1.99  0.06B 1.13  0.07A 3.38  0.19C 2.92  0.15E 2.89  0.17E 1.85  0.06D
C:N 23.01  0.70B 44.55  2.28C 14.31  0.73A 15.79  0.91D 13.86  0.79D 26.08  0.90E
%C 45.69  0.25A 49.59  0.33C 47.86  0.24B 45.52  0.20E 39.56  0.63D 48.63  0.29F
d13C 29.03  0.27A 30.22  0.32A 26.54  0.44B 29.10  0.29D 28.08  0.25D,E 27.94  0.36E
Notes: Values are presented as means  1 SE. Signiﬁcant differences (P ≤ 0.05) among species within a site are represented
by letters where A, B, and C are used at the inland site and D, E, and F are used at the coastal site.
Fig. 4. Distribution of d13C and foliar C:N (molar
ratio) for Clethra alnifolia, Vaccinium corymbosum, and
Elaeagnus umbellata (top), and for Baccharis halimifolia,
Iva frutescens, andMorella cerifera (bottom).
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and NUE compared to inland species (F = 1.51,
P = 0.241; Fig. 4).
Trait comparisons among species
The ﬁrst PCA axis was identiﬁed as an axis of
resource capture (e.g., chlorophyll content, N
ﬁxation) and utilization capacity (e.g., ks, ETR
1500), accounting for 30% of the total variance
(Fig. 5). The second PCA axis, associated with leaf
construction costs, secondary leaf pigments, NUE,
and leaf angle, accounted for 19% of the total vari-
ation. Expansive thicketizers clustered together
with N ﬁxation, maximum hydraulic conductiv-
ity, and chlorophyll content as key drivers of
observed clustering (Fig. 5). Inland species were
separated across trait space, particularly along the
second axis for C. alnifolia and V. corymbosum, and
the ﬁrst axis for E. umbellata (Fig. 5). Coastal spe-
cies were closer together in trait space than inland
species, with distinct similarities between B. hal-
imifolia and I. frutescens along the second axis and
low separation along the ﬁrst axis (Fig. 5).
DISCUSSION
Functional traits, which characterize species by
their ecological roles and highlight species–
environment interactions, have received recent
Fig. 5. Principal component analysis ordination comparing thicketizers (Elaeagnus umbellata and Morella
cerifera) and co-occurring non-thicketizers at an inland (Clethra alnifolia, Vaccinium corymbosum) and coastal site
(Baccharis halimifolia, Iva frutescens) on the basis of 19 traits related to resource acquisition, utilization, and assimi-
lation. Biplots indicate how traits inﬂuence clustering among species. Species names correspond to the following
labels: CA, C. alnifolia; VC, V. corymbosum; EU, E. umbellata; BH, B. halimifolia; IF, I. frutescens; MC, M. cerifera;
Traits correspond to the following labels: Chl a, chlorophyll a; Chl b, chlorophyll b; Total chl, Total chlorophyll;
Chl a:b, chlorophyll a:b; Carot, carotenoids; LA, leaf area; SLA, speciﬁc leaf area; L angle, leaf angle; N, %N; C:N,
C:N; C, %C; 15N, d15N; 13C, d13C; ksi, initial ks; ksm, maximum ks; kli, initial kL; klm, maximum kL; ETR 1500,
ETR at 1500 lmolm2s1.
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attention for explaining patterns of habitat ﬁlter-
ing and mechanisms of community assemblages
(de Bello et al. 2010, 2012, Brym et al. 2011, Zin-
nert et al. 2013). We quantiﬁed functional traits
that represent morphological and physiological
characteristics and were linked to three primary
resources: water, light, and nutrients, which
directly inﬂuence plant growth. A combination
of morphological and physiological traits con-
tributes to the rapid growth, expansion, and
thicket formation observed for Elaeagnus umbel-
lata and Morella cerifera, compared to native, co-
occurring, non-expanding species. While there
was some convergence in functional traits of
expanding species (e.g., ks, ETR), several func-
tional traits were different between expanding
species (e.g., kL, AL : AS, leaf area, and leaf angle)
and one trait (e.g., SLA) was unexpectedly simi-
lar given that it is typically associated with
resource conservation. Physiological perfor-
mance traits (e.g., ks, ETR) measured were simi-
larly high for both species despite differences in
several structural and anatomical traits and low
SLA observed for both expanding species. Our
hypothesis that E. umbellata and M. cerifera exhi-
bit functional traits that promote efﬁcient light
capture, utilization, and hydraulics relative to co-
occurring, non-expanding shrub species was
supported; yet, differences in functional traits
represent alternative strategies for colonization,
rapid expansion, and dense, monotypic thicket
formation.
Among inland species, there was a gradient in
functional trait response of low to high
performance with Clethra alnifolia having lowest
performance, E. umbellata having highest, and
Vaccinium corymbosum frequently falling in the
middle or having a similar trait response as
E. umbellata. For instance, this pattern occurred
with maximum ks and kL, AL:AS, leaf chlorophyll
and carotenoid content, ETR, and the majority
of leaf chemistry traits. In many environments,
V. corymbosum forms thickets (Pritts and Han-
cock 1985), though they are smaller in stature
than those of E. umbellata. Our data suggest that
where E. umbellata co-occurs with V. corymbo-
sum, its capacity for rapid growth and higher
relative physiological performance will give it a
competitive advantage for physical dominance
on the landscape. Elaeagnus umbellata outper-
formed co-occurring inland species for almost
every trait measured. It had higher maximum
ks and kL, more leaves supported per sap-
wood area, WUE, leaf %N, and ETR across light
levels relative to co-occurring, non-expanding
species.
Many quantiﬁed functional traits were similar
among coastal species, especially for parameters
related to light capture and processing. Coastal
species exhibited functional traits indicative of a
high-light, high-stress environment such as verti-
cally angled leaves, which were generally small
and thick, high ETR at solar noon, high total
chlorophyll content, and reduced AL:AS relative
to inland species. However, differences among
species existed when comparing hydraulic traits
and leaf traits. For instance, while hydraulic
traits were similar between M. cerifera and Bac-
charis halimifolia, Iva frutescens exhibited reduced
maximum ks relative to the other two coastal spe-
cies. Iva frutescens is a halophyte, typically
observed on hypersaline soils, and accumulates
salt within its leaves (Young et al. 1994, Nau-
mann et al. 2009). To our knowledge, salinity
concentration of xylem sap in I. frutescens or spe-
cies-speciﬁc anatomical adaptations for main-
taining hydraulic conductivity under saline
conditions have not been documented, yet
growth in highly saline soils likely inﬂuences the
capacity of I. frutescens to transport water and
may explain lower relative maximum ks (Lopez-
Portillo et al. 2005, Reef and Lovelock 2015). For
instance, work in mangroves has shown that
mangroves at high salinities use less water than
similarly sized freshwater wetland trees and
have lower rates of sap ﬂow and higher resilience
to cavitation (Krauss et al. 2007). In terms of leaf
traits and biochemistry, C:N ratio was substan-
tially higher inM. cerifera relative to co-occurring
coastal shrubs. Leaf %N content of M. cerifera
was lowest, but it has a constant source of N via
symbiotic N ﬁxation. Notably, this contrasts with
the trend observed among inland species,
whereby the expansive E. umbellata had the high-
est leaf %N and lowest C:N ratio.
Differences in spatial heterogeneity between
sites act as drivers for colonization and expan-
sion strategies, which is expressed via dichotomy
in trait responses at the different sites. The inland
site was characterized as a relatively homo-
genous area consisting of an old ﬁeld and the
edge of a forest understory. The coastal site, in
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contrast, is an extreme environment with com-
plex spatial heterogeneity and habitat patchiness
associated with relative landscape position (e.g.,
distance to the ocean, elevation, depth to the
water table), creating a mosaic of environmental
stressors and available habitat types (e.g., dune/
swale complexes, salt ﬂats, brackish marsh,
freshwater marsh). At the inland site, where
there is less habitat complexity, a colonization
strategy for rapid growth to quickly establish
dominance and form a tall, dense canopy to
shade out other species is promoted. At the
coastal site, a strategy which alternates between
slow and fast growth leads to successful colo-
nization and woody expansion. Colonization
and establishment of M. cerifera are ﬁrst facili-
tated by grasses, which provide shade and
reduce micro-habitat air temperature to optimize
seedling establishment (Thompson et al. 2017).
Eventually, the young shrubs grow taller than
the grasses and continue to expand dense canopy
coverage, effectively preventing establishment
of understory species, by radiating outward
(Zinnert et al. 2011).
In open, full-sun environments, M. cerifera
utilizes a strategy that alternates between fast
and slow dynamics, whereas E. umbellata relies
on classic invasion mechanics underpinned by
fast growth and efﬁcient use of light and nutri-
ents. Unlike E. umbellata, success for M. cerifera
does not hinge upon rapid establishment of
dominance to outcompete co-occurring species.
However, similar to E. umbellata, once estab-
lished, both form dense, closed-canopy thickets,
which inhibit competition and establishment of
other species within their understories (Brantley
and Young 2010). Not only do these species
utilize two different strategies for colonization
and establishing dominance on the landscape,
but the different approaches between these
expansive species also mirror differences in their
strategies for carbon gain.
While E. umbellata and M. cerifera rely on two
different strategies to maximize carbon gain,
resulting efﬁciencies and mono-thicket formation
capabilities are similar. Elaeagnus umbellata relies
on acquisitive traits (e.g., deciduous, shorter
lived, horizontal leaves, increased ETR, lower
AL:AS) that enable maximal carbon gain in a
short time period (Naumann et al. 2010), while
M. cerifera relies on traits (e.g., evergreen, longer
lived, vertical, and smaller leaves) that enable a
“hybrid” strategy combining conservative and
acquisitive traits, where it is productive through-
out the year and with enhanced physiological
activity during the growing season, enabling it to
physiologically compete with co-occurring
species (Aerts 1995, Shiﬂett et al. 2013, 2014b,
Tecco et al. 2013). Similar strategies for altering
physiological activity have been observed for
species which grow in dynamic thermal environ-
ments. For instance, in the desert shrub Larrea
tridentata, optimal photosynthetic temperature
shifts from 22C during winter to 32C during
summer (Mooney et al. 1978). During cooler
temperate fall, winter, and spring months, light
use-related physiological activity of M. cerifera
slows down dramatically compared to summer
months when physiological activity of M. cerifera
is similar to co-occurring deciduous species
(Young 1992, Shiﬂett et al. 2013, 2014b).
Despite several differences between the decid-
uous, non-native, invader E. umbellata and the
evergreen, native, expander M. cerifera, both spe-
cies maintain advantages over co-occurring
woody species via shared traits such as bird-
dispersed seeds, and N ﬁxation. For instance,
evergreenness and ﬂeshy, persistent, ornitho-
chorous seeds facilitate expansion of M. cerifera
relative to co-occurring species by providing a
seed source for overwintering birds when
co-occurring shrubs are dormant. Fixation of
atmospheric also N confers many advantages,
especially in nutrient-poor environments (Huss-
Danell 1990). This may be especially important
because E. umbellata readily invades disturbed
and poor-quality soils (Yates et al. 2004) and
M. cerifera rapidly expands in nutrient-limited
sandy soils (Young 1992). N ﬁxation also con-
tributes to observations that M. cerifera occupies
more area on Virginia barrier islands than B. hal-
imifolia (Young et al. 2007, Zinnert et al. 2013).
Both coastal species occur across the island in
swales, butM. cerifera is more successful in nutri-
ent-poor sandy soils than B. halimifolia. Research
has shown that when B. halimifolia grows adja-
cent toM. cerifera, the d15N signature of its leaves
mirrors that of M. cerifera, whereas individuals,
which grow farther away fromM. cerifera, do not
show any evidence of enhanced leaf nitrogen
supply (Vick 2011). Based on trait similarities
among coastal species, our data suggest that
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B. halimifolia should be competitive with M. cer-
ifera, but N ﬁxation, coupled with evergreenness,
and high physiological activity during the grow-
ing season favor dominance ofM. cerifera.
Similar to M. cerifera, E. umbellata also had a
lower SLA than co-occurring species, a trait
which is typically associated with a stress-
tolerant life-history strategy, aiding in nutrient
retention and long-term photosynthetic NUE
(Gibson and Rundel 2012). Low SLA is not
associated with rapid resource acquisition and
utilization per conventional leaf economics spec-
trum theory (Wright et al. 2004), and thus, it was
unexpectedly low for the invasive E. umbellata,
but not for the evergreen M. cerifera. In general,
increased SLA is associated with lower leaf
construction costs and higher N allocation to
photosynthesis (Feng et al. 2008). Both expansive
species are N-ﬁxers, and both had reduced NUE
relative to non-expanders, indicating that nitro-
gen is not likely a limiting resource. A readily
available N supply enables E. umbellata to invest
more in leaf construction, relative to deciduous
species, which are non-N-ﬁxers. Some authors
have also shown that reduced SLA may be seen
as an adaptation to drought stress, providing
further advantages to species which have low
SLA, but high N allocation to photosynthesis
and photosynthetic capacity (Aspelmeier and
Leuschner 2006).
CONCLUSIONS
Functional traits may explain why some
species dominate the landscape (Baruch and
Goldstein 1999), yet no universal suite of traits
exist that make a species or group of species
ubiquitously successful (Pysek and Richardson
2007). Elaeagnus umbellata and Morella cerifera
thrive in different habitats, display differences in
several functional traits, yet show convergence of
some traits, and similar physiology during the
temperate growing season. Both species form
dense thickets and have traits that maximize light
attenuation, capture, and processing while mini-
mizing light stress. Moreover, both species have
traits that contribute to drought tolerance, yet
enable high hydraulic efﬁciency. However, each
species utilizes different strategies for expansion.
Elaeagnus umbellata relies on acquisitive traits and
enhanced physiology relative to co-occurring,
non-invasive, and non-expanding woody species
(Zinnert et al. 2013), whereas M. cerifera relies on
a mixture of conservative and acquisitive traits
with varying degree seasonally and at several
timeframes during colonization and expansion
(Shiﬂett et al. 2013). The majority of quantiﬁed
functional traits of E. umbellata and many of
M. cerifera allow for efﬁcient light capture, uti-
lization, and internal water movement. These fac-
tors contribute to rapid range expansion and
thicket formation by promoting enhanced pro-
ductivity while inhibiting successful colonization
of other species. Suites of functional traits may be
linked to expansive success and thicket forma-
tion, yet differences across a broad range of func-
tional traits represent alternative strategies
leading to rapid growth and thicketization.
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